The development of twist in Norway spruce boards (Picea abies Karst.) during normal temperature kiln drying was researched. Tangentially oriented boards were sawn from diametrical radial planks, from which the basic wood properties, i.e. linear shrinkage and grain angle, were determined. The unrestrained boards were kiln dried using a selected drying schedule. During the controlled drying process the moisture content (MC) and twist of the boards were measured. Twist was generally induced by the shrinkage of wood below the fibre saturation point, and increased in proportional to the decrease in MC. The earlier appearance of twist, with regard to MC and drying time, was confirmed in the case of boards sawn from the central part of logs. The final twist amounted to between 10 and 20°/m in the case of boards close to the pith, and decreased to less than 4°/m in the case of boards sawn at a radius of 70 mm from the centre of the logs. Ring curvature had the highest impact on the final twist of the dried boards, followed by grain angle and tangential shrinkage. 
Introduction

Background
Warping, mainly twist, crook and bow, of the sawn wood of Norway spruce (Picea abies Karst.) frequently causes serious problems in the wood construction industry. Twist usually causes most severe problems leading to wood downgrading and increasing risk of substitution of wood with other engineering materials (Perstorper et al. 1995; Forsberg and Warensjö 2001) .
The two material parameters most commonly associated with twist are grain angle (GA) and distance from the pith to the centre of the cross-section of the board, which is an indirect expression of the annual-ring curvature. The significance of these parameters was studied using some analytical models (Stevens and Johnston 1960; Booker 2005; Bäck-ström and Johansson 2006) , as well as statistics from data on stationary conditioning experiments Warensjo and Rune 2004) and numerical modelling (Ormarsson et al. 1998) . In most cases ring curvature was found to be the best predicting variable, or had the greatest impact on twist variation, followed by GA. Recently, an additional explanation of the twist of sawn wood has been presented, including the grain angle gradient (Forsberg and Warensjö 2001) .
Much research was done in order to prevent twist of sawn wood during experimental and industrial drying. For this reason different drying schedules were studied at normal temperature varying the drying conditions (Milota 2000) . Improved shape stability of dried sawn wood was achieved by additional steaming of boards, cyclically varying the climatic conditions during drying, or increasing the loads on top of kiln stacks (Mackay 1973; Arganbright et al. 1978; Kliger et al. 2005; Frühwald 2006 ). Many investigations on drying at high temperatures were made in order to improve the straightness and shape stability of structural timber (Pang et al. 2001; Thiam et al. 2002; Frühwald 2007) .
In many cases, twist was studied as end result of wood drying procedures. However, fewer investigations on real time twist development were carried out in the laboratory or during semi-industrial drying, including the variability of properties of individual drying specimens. In such drying experiments, twist and torque usually increased in proportion to the reduction in moisture content (MC) (Mackay 1973; Sandland and Tronstad 2001; Gorišek et al. 2006; Gorišek and Straže 2005) . Decrease in torque and twist was achieved by increasing the drying temperature and presteaming of the material prior to drying. The same relationship between torque and MC was confirmed in drying simulations using the finite element method (Ormarsson et al. 1999 ) and in static climatic conditioning (Bäckström and Kliger 2006 ).
Aim
The aim of this research was to analyse the real time development of unrestrained twisting in sawn wood made of Norway spruce (Picea abies Karst.) during conventional normal temperature kiln drying and, in particular to investigate the dependency of twist on basic wood properties such as grain angle, tangential shrinkage and growth ring curvature. An additional objective of the research was to produce a predictive model of unrestrained twist during kiln drying, applicable for process optimisation.
This study is part of a research project on the variation of wood properties and comparison of juvenile and adult wood of Norway spruce (Picea abies Karst.) and Silver fir (Abies alba Mill.). A series of papers on the radial distribution of basic physical and mechanical properties of the used material and their interdependence has already been published (Straže and Gorišek 2000; Gorišek et al. 2004 ).
Experimental
Material
Ten Norway spruce trees, 50 to 70 years old, were randomly selected from a stand in the Slovenian Alps. Two successive logs, 0.4 and 0.9 m in length, were cut off at breast height from each individual tree. Basic wood properties were determined using the shorter logs, from which samples were sawn out in radial direction ( Fig. 1) for tangential shrinkage and grain angle measurements. The longer logs were used for the preparation of 170 boards, 14 to 20 per log, which were examined in drying experiments.
Determination of basic wood properties
The oriented small specimens, with dimensions of 18 mm × 18 mm × 5 mm (rad. × tang. × long.), were cut out along the radial direction of the shorter logs, from pith to bark (Fig. 1) . The specimens were measured by callipers having a precision of 0.01 mm, and weighed with a precision of 0.001 g, at five moisture content stages: 1-green stage, 2, 3 and 4-equilibrated at 20°C and constant relative air humidity (RH 2 = 87%, RH 3 = 65%, RH 4 = 33%), and 5-oven-dry stage. Moisture content was determined gravimetrically.
The tangential shrinkage strain ε T and the shrinkage coefficient α T of the small specimens were determined in the quasi-linear hygroscopic range (1), (2):
A linear regression model of actual tangential shrinkage based on total shrinkage strain (ε T 0 ; MC = 0%) and the shrinkage coefficient (α T ), was additionally used to determine the shrinkage development. Tangential shrinkage onset was calculated from the intersection point between the model curve and the x-axis. This value was also used for assessment of the local fibre saturation point (FSP). Remaining parts of the short logs were used to determine grain angle (GA). Thin tangentially oriented lamellas were sawn from radial planks at 6 mm intervals, from the pith to the bark. The grain angle was determined by hand cleaving of 350 mm long lamellas in the longitudinal-tangential (LT) plane determining the cleaving angle ( Fig. 1 ) (3):
where: a, b = width of the cleaved lamella at both ends, c = 350 mm, length of lamella. The 6 mm radial interval of the lamellas coincided with 18 mm thick boards used in the drying procedure. Therefore, each sequence of three lamellas has the same radial position with respect to parallel drying boards. The middle lamella in the bundle was thus used for assessment of the mean grain angle in the case of parallel drying board, whereas the first and the third lamella were used to predict the grain angle gradient (GA gradient ) (4):
where: GA 1 , GA 3 = GA of the outer lamellas in the bundle, x = 12 mm, distance between the outer lamellas in the bundle.
Drying procedure
Diametrically radial planks were made from the longer logs (l = 0.9 m), which were ripped through the pith and sawn radially into 18 mm thick, tangentially-oriented drying boards (Fig. 1) . A small slice was initially cut off from each drying board, and used for gravimetrical determination of its initial MC ( Fig. 1 ). Extra watertight protective paint was used at both ends of each board in order to prevent rapid longitudinal water evaporation. Afterwards the unrestrained boards were kiln dried in a ladder-like wooden holder. Boards were freely supported at both ends with horizontal 20 by 20 mm stickers, and vertically spaced by 80 mm. A conventional normal temperature drying schedule was used, with stepraised temperatures from 67 to 80°C and an increasing drying gradient from 3.0 to 4.3. The average moisture content of the boards during drying was determined gravimetrically at five intervals (5):
where: MC t , MC i = temporary and initial moisture content, m t , m i = temporary and initial weight of drying board. The same interval was used to determine twist of the dried boards. The amount of twist (TW) was measured by a wedge with a precision of 0.5 mm, which was used to calculate the twist angle. Additionally, the relative twist (RTW) was recalculated at the end of the drying procedure (6):
where: TW t , TW j = temporary and final twist of boards [°] .
Results and discussion
Variation of the relevant wood properties
In general, the longitudinally aligned wood tissue deviated significantly from the tree axis. The grain angle was lefthanded in the juvenile region of all the examined trees having, close to the pith, an average value of 4°(CV = 27.2%; CV = coefficient of variation). As a rule, three typical radial gradients of the grain angle with the distance from the pith were observed: (1) insignificant decrease in GA or GA maintained a constant value, and the grain orientation remained left-handed (n = 3 logs), (2) a medium-sized decrease in GA, where the grain orientation tended to become almost straight (n = 4 logs), and (3) a large decrease in GA, where the grain changed its orientation to right-handed (n = 3 logs; Fig. 2a ). Consequently, a wider distribution of GA was determined in the case of boards located close to the logs' circumference (GA = 0.7°; CV = 314%). An analysis of the GA gradient revealed higher values at locations close to the pith, i.e., ±2.5%/cm. The GA gradient decreased with distance from the pith reaching nearly constant values of ±1.5%/cm already at a radius of 30 mm (Fig. 2b) . These results are in good agreement with those of related studies on grain angle and other growth characteristics of Norway spruce wood (Danborg 1994; Forsberg and Warensjö 2001; Perstorper et al. 2001; Sepulveda 2001) . Shrinkage of the investigated material was similar to the one reported in literature. The overall mean tangential shrinkage coefficient was 0.34%/% (CV = 11.7), with a significantly lower value, i.e., 0.30%/% (p ≤ 0.05), in the case of specimens located within 40 mm from the pith (Fig. 2c) . The abnormal shrinkage of juvenile wood can be due to its diversity in the chemical composition, the cell wall structure, and the microfibril angle (Harris and Meylan 1965; Harris 1977; Donaldson and Burdon 1995) . A small increase in tangential shrinkage with distance from the pith was also noted in studies by Cown and McCounchie (1983) , Chong and Fogg (1989) , and Perstorper et al. (2001) , whereas the authors ascribe lower tangential shrinkage close to the pith to growth ring curvature. The closer to the pith the more tangential shrinkage is influenced by radial shrinkage, as a result of the measurement method.
Using the intersection point method, the mean FSP of the whole tested material was found to be 26.8% (CV = 11.4%). The mean FSP of the specimens positioned within 40 mm from the pith was 28.7%, and had a low variability (CV = 7.4%), whereas specimens located at a greater distance from the pith showed significantly lower FSP values. The lowest mean FSP, i.e., 26% (CV = 12.1%), was found at locations close to the circumference of the logs (Fig. 2d) . It is worth mentioning that the wood density of the material examined in the research project had the opposite radial profile in comparison with the FSP, where the wood density increased from 390 kg/m 3 , close to the pith, to 450 kg/m 3 next to the circumference of the logs (Straže and Gorišek 2000) . This negative correlation between FSP and wood density was similarly confirmed by various experimental techniques on hardwood and softwood species (Vorreiter 1963; Feist and Tarkow 1967; Kellogg and Wangaard 1969) . Stamm (1971) reported FSP values for North American softwoods ranging between 21 and 32%, which were based on the sorption isotherm extrapolation method.
Drying progress and development of twist
The green moisture content of the boards varied significantly with regard to their radial position in the experimental logs. Generally, low green MC values, between 40 and 80%, were determined in the central part of the logs. On the contrary, boards from the circumference of the logs had much higher green MC, always above 100%. The green MC state of the boards also had a strong impact on their drying kinetics. During drying, the central and intermediate boards reached a MC close to the fibre saturation point already within the first two days of the process, whereas at least twice the time was needed in the case of boards from the periphery (Fig. 3) . Furthermore, because of the high green MC values, a higher MC gradient at the cross-section of the peripheral boards can be expected during the whole drying process.
Twisting of all the examined boards generally started around the fibre saturation point, and increased proportionally with MC reduction to the highest values at the end of drying (Fig. 3) . Closer analysis of the occurrence of twist in the case of individual boards revealed significant differences depending on their radial position. Earlier twist development based on a linear correlation of RTW and MC was confirmed in the case of boards located near the pith. Twist onset at a MC of 31.5% (CV = 6.1%) was determined in the case of boards located within the first ten growth rings, whereas boards from the circumference of logs did not start to twist until MC dropped to 23.8% (CV = 7.0%). Simple regression analysis confirmed the significant dependency of twist development on the radial position of the tested boards (Fig. 4) , and has a high similarity to the FSP trend in the same direction (Fig. 2d) . Earlier twist development in the case of boards from the inner-wood, with regard to their MC, can be partially ascribed to the lower rigidity and strength properties of juvenile wood, located close to the pith, which was confirmed by other studies of the same material (Straže and Gorišek 2000) . Additionally, due to the lower drying rate and consequently smaller MC gradient, less restrained shrinkage of the wood can be expected in the case of boards located close to the pith. On the other hand, in the case of boards from the sapwood a higher drying rate with a greater MC gradient increased the probability of higher drying stress and more restrained material shrinkage, which, with additional higher rigidity, decreased twist development to a lower MC. Related studies (Stevens 1963; Mackay 1973 ) confirmed a similar impact of the drying rate on the shrinkage behaviour of wood during drying.
Analysis of final twist
In the case of all investigated boards, the largest twist occurred at the end of the drying process, when the lowest MC values were reached (MC end = 5.0%, CV = 6.2%). Boards located close to the pith had a mean twist angle of 17°/m, which decreased rapidly with distance from the pith, reaching an almost constant value, between 1 and 3°/m, at a radius of 70 mm (Fig. 5) . A comparable amount of twist and its radial tendency was also shown for conifer species in related experimental studies (Balodis 1972; Shelly et al. 1979; Johansson et al. 2001) .
Stepwise regression analysis was performed in order to investigate to what extent the determined material properties influence the twist magnitude. Stepwise regression analysis is a good tool since co-linearity between the parameters is taken into account. Using this method, 79.6% of the twist variation at the end of the drying process (MC end = 5.0%, CV = 6.2%) is explained in the resulting governing equation of step 3 (the constant was excluded from the model, p ≤ 0.05) (7):
where: r = distance from the pith [m], GA = mean grain angle of the drying board [°] and α T = tangential shrinkage coefficient [%/%]. Ring curvature was confirmed as the most important variable, explaining more than 67.4% of the final twist (Fig. 5) . The tangential shrinkage coefficient explained an additional 10.2% of the experimental twist variability, whereas the spiral grain angle contributed 2.0% (Fig. 6) . The large variation of GA close to the pith is presumably due to the fact that the GA values were based on the entire length of the cleaved lamella. Many studies on twist, using statistical modelling, have indicated the significant dependency of twist on ring (Forsberg and Warensjö 2001; Johansson et al. 2001 ). Like in the cited studies, the authors are in doubt regarding the impact of tangential shrinkage on the amount of twist. This impact needs to be additionally researched using a more accurate measuring procedure, neutralising the influence of ring curvature. Taking into account the observed differences in the radial direction (Fig. 2b) , the suspected influence of the GA gradient on the amount of twist was also analysed. No significant impact of the GA gradient was confirmed in the case of any radial position of the boards, as was concluded by Forsberg and Warensjö (2001) , which therefore does not support the findings by Ormarsson (1995) . Ormarsson's simulations of the amount of twist confirmed that a more rapid reduction of the grain angle towards the cambium causes less twisting of the wood.
Modelling of twist during drying
The amount of twist which may occur during drying can, to some extent, be predicted on the basis of its relationship to some determined material characteristics of the boards (Figs. 2, 3 , and 4). Based on well-oriented thin and short drying boards, a simple analytical solution can be used to model twist during drying. The Stevens and Johnston (1960) model was tested on the data using the relation (8):
In this formula: TW = twist is measured in degrees, l = length [m], GA = mean spiral grain angle of the drying specimen [°], ε T = realised tangential shrinkage, calculated from FSP with the use of a shrinkage coefficient (α T ), and r is the radial position of the drying specimen in the log [m]. The model can generally provide a good prediction of the measured twist of boards at any radial position within the whole MC range, with the smallest deviation at greater distances from the pith and at low MC (R 2 > 0. 44; Figs. 7, 8) . The development of the calculated twist follows the dependence of the average FSP on the distance from the pith, pre- sented by the regression model (Fig. 2d) . The used medium decrease of GA in the radial direction ( Fig. 2a ; Eq. b: GA = −0.018r + 4.5) has the greatest impact on the calculated values close to the pith, where GA orientation (positive or negative) is also important. The use of the highest GA gradient (Fig. 2a ; Eq. c: GA = −0.04r + 5.2), inducing a negative GA at the logs' circumference, would also lead to a negative calculated twist at a greater distance from the pith. On the other hand, two opposite factors actually influence the realised tangential shrinkage: the lower tangential shrinkage coefficient (α T ) close to the pith (Fig. 2c) , and the higher FSP at the same location (Fig. 2d ). For this reason insignificant effect is ascribed to the influence of tangential shrinkage on the twist of drying boards. Nevertheless, ring curvature, i.e., the distance from the pith, has, similarly to the regression analysis results (4), the most pronounced effect on the calculated twist values.
Conclusion
The results of this research confirmed the effect of different predictive strengths of the tested material properties on twist modelling during drying of sawn wood of Norway spruce. Annual growth ring curvature had the greatest impact on the final amount of twist, followed by grain angle and tangential shrinkage. Twisting of the dried boards generally developed at a moisture content corresponding to the fibre saturation point, and increased proportionally to the reduction in average moisture content, being most pronounced in the case of boards close to the pith. A significant reduction of the fibre saturation point for boards close to the bark also delayed the development of twist. Earlier twist appearance, with regard to wood moisture content and drying time, was determined in the case of boards from the inner part of logs, where also the highest final twist was observed. Some researchers confirmed that the higher drying rate presumably increased the MC gradient and drying stress, and therefore restrained shrinking and twisting of boards from the sapwood area (Mackay 1973; Price and Koch 1980; Pang and Pearson 2004) . It is believed that future modelling of the twist of boards during drying could be improved by including additional material properties such as MC gradient and drying stress.
